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FOREWORD 


An  extensive  data  base  on  a  2:1  elliptical  nosetip  shape  to  be  utilized 
for  verification  of  the  AVCO  MTSCT  three-dimensional  transition  code  was 
generated  in  the  NSWC/WO  Hypersonic  Tunnet  at  Mach  Number  5.  The  tests  were 
conducted  during  tne  period  7-17  April  1981.  Four  nosetip  models  with  surface 
roughness  values  based  on  a  30%  probability  of  exceedence  (K30)  of  0,  1.29,  3.26, 
and  10  mils  were  tested.  The  first  three  nosetip  models  were  instrumented  with 
112  back-faced  chromel-alumel  thermocouples.  The  fourth  model  (i.e.,  10-mil 
roughness)  instrumentation  consisted  of  67  thermocouples  and  31  Statham  pressure 
transducers.  The  test  matrix  consisted  of  60  runs  where  the  variables  included 
angle  of  attack,  tunnel  Reynolds  number,  and  wall  enthalpy  ratio. 

This  work  was  performed  at  the  request  of  the  Ballistic  Missile  Office  in 
support  of  the  Maneuvering  Thermodynamics  and  Shape  Change  Technology  (MTSCT) 
Program.  These  tests  were  directed  by  Mr.  A.  Todisco-,  AVCO  Systems  Division, 
Wilmington,  Massachusetts.  This  report  describes  the  test  procedures  and  the 
data  reduction  and  transmittal  methods. 


C.  A.  FISHER 
By  direction 
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INTRODUCTION 


This  report  summarizes  the  results  of  a  heat-transfer  and  limited  pressure 
test  series  run  in  the  Naval  Surface  Weapons  Center/White  Oak  Laboratory 
(NSWC/WO)  Hypersonic  Wind  Tunnel  (T-8)  as  part  of  the  AVCO  Maneuvering  Thermo¬ 
dynamics  and  Shape  Change  Technology  (MTSCT)  Program.  The  purpose  of  this  wind 
tunnel  test  series  was  to  provide  data  which  will  be  utilized  for  verification 
of  the  AVCO  MTSCT  computer  models.  Specifically,  the  data  generated  in  this 
test  series  will  be  used  to: 

a.  Extend  nosetip  transition  modeling  to  three-dimensional  flow, 

b.  extend  nosetip  roughness  heating  augmentation  modeling  to  three- 
dimensional  flow  at  large  roughness  Reynolds  number,  and 

c.  verify/refine  basic  flow  field  models  for  three-dimensional  nosetip 
configurations. 

MODELS  AND  INSTRUMENTATION 


Three  models  were  supplied  by  AVCO  and  instrumented  at  the  Naval  Surface 
Weapons  Center.  All  nosetip  models  were  oblate  spheriod  shapes  (5.0"  major  axis) 
with  an  ellipticity  £  =  1/2.  The  model  size  for  the  2:1  elliptical  shapes  was 
selected  to  provide  natural  transition  on  the  smooth  wall  model  at  the  maximum 
test  Reynolds  number.  The  test  models  were  fabricated  from  wrought  nickel  with 
a  nominal  thickness  of  0.060-inch.  Model  layout  and  sting  adapter  are  shown 
in  Figure  1. 

Two  models  were  instrumented  with  112  chromel-alumel  thermocouples  of  5-mil- 
wire  diameter.  The  wires  were  fused  into  a  bead  of  approximately  1 /32-inch-di a- 
meter  and  then  spot  welded  to  the  interior  surface  of  the  model.  Model  G-1  was 
a  highly  polished  model  with  a  surface  roughness  £  0.01  mils.  The  second  model 
(6-2)  was  grit  blasted  at  NSWC  to  a  surface  roughness  of  K3Q  =  3.26  mils.  The 
<3g  roughness  value  is  a  measure  of  surface  roughness  based  on  a  30%  exceedence 
height  and  is  discussed  in  detail  later  in  this  report.  After  model  G-1  was 
tested,  it  was  grit  blasted  to  a  K30  =  1.29-mil  roughness  and  then  identified 
as  model  G-3.  Model  G-4  (10-mil-brazed  roughness)  instrumentation  consisted  of 
67  chromel-alumel  thermocouples  and  31  Statham  pressure  transducers.  The  pressure 
transducers  were  housed  in  an  external  pressure  bank  outside  of  the  test  cell. 
Twelve  feet  of  3/32-inch  O.D.  stainless  steel  tubing  was  required  to  connect  each 
Statham  transducer  to  the  respective  model  port.  Number  51  holes  (.067-inch- 
diameter)  were  drilled  by  AVCO  at  the  desired  locations.  The  holes  were  then 
tapped  with  a  3-56  thread.  This  resulted  in  about  four  threads  in  the  .060-inch 
model  wall.  Small  lengths  (less  than  four  inches)  of  the  3/32-inch  tubing  were 
then  screwed  into  the  tapped  holes  until  they  were  flush  with  the  model  surface. 
Loctite  was  then  used  to  seal  the  threads.  Finally,  as  an  "insurance  policy"  to 
prevent  leakage,  RTV  silicone  rubber  was  placed  at  the  tube/model  interior  sur¬ 
face  junction.  Approximately  one  foot  of  Tygon  tubing  then  connected  the  model 
port  to  the  12-foot  length  of  tubing.  A  sketch  of  the  pressure  port  is  given  in 
Figure  2.  Pressure  measurements  were  obtained  only  with  the  10-mil  roughness 
model.  It  was  felt  that  the  large  hole  size  may  induce  boundary-layer  transition 
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FIGURE  1  MODEL  AND  STING  ADAPTER  DRAWING 
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for  the  smooth  or  small  roughness  models,  whereas  for  the  10-mil  roughness  model 
a  fully  turbulent  boundary  layer  should  already  exist. 


COPPER  PARTICLES 

A 

0.057 

T 

3/32  INCH  STAINLESS 


TYGON  TUBING 


FIGURE  2  PRESSURE  PORT  CONNECTION 

The  location  of  the  thermocouple  and  pressure  tap  coordinates  are  defined  as 
the  intersection  of  the  'radial1  planes  that  emanate  from  the  rotation  axis  of 
the  ellipsoid  (i.e.,  minor  axis)  with  the  semicircles  centered  on  the  rotating 
axis.  The  geometry  is  best  visualized  in  Figure  3.  A  planform  view  of  the  model 
shows  'radial'  planes  A  through  H  and  J  through  N.  The  <p  =  0°  ray  (plane  A-A') 
is  shown  to  illustrate  thermocouple  locations.  Note  that  for  models  G-1,  G-2, 
and  G-3  thermocouples  are  located  on  only  half  the  model  because  of  symmetry. 

For  model  G-4,  pressure  ports  (rays  J  through  N)  are  located  on  the  other  half 
of  the  model. 

The  thermocouples  and  pressure  taps  are  identified  by  an  a Lpha-numeri c  code. 
Thermocouples  or  pressure  taps  located  at  the  intersection  of  the  model  surface 
and  major  axis  are  identified  by  the  ray  name  followed  by  zero  (two-digit  code). 
For  the  remaining  thermocouple  and  pressure  taps,  the  meridian  plane  identifier 
is  followed  by  the  thermocouple  or  tap  number  in  sequence  from  the  'zero'  plane 

followed  by  either  a  'W'  (windward  or  bottom  of  model)  or  a  'L'  (leeward  or  top 

of  model).  See  Figure  3  for  clarification. 

Two  views  of  a  model  in  the  test  cell  are  shown  in  Figures  4  and  5 .  Figure  4 
shows  a  top  view  of  the  G-3  model  retracted  into  the  cooling  box.  Figure  5  shows 
a  side  view  of  the  G-1  model  with  the  model  oriented  with  the  minor  axis  in  the 

pitch  plane  (a  =  0°).  Photographs  of  the  models  are  given  in  Figures  6  through 

8  . 
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INJECTED  INTO  TEST  CELL  SIDE  VIEW 


FIGURE  6  MODEL  G  2  (K30  3.26  MIL) 


FIGURE  7  MODEL  G  3  (K30  129  MIL) 


IGURE  8  MODFl  G  4  (10  Mill 
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TEST  CONDITIONS 


These  tests  were  conducted  in  the  NSWC  Hypersonic  Tunnel  (T~8) 
with  the  ax i symmetric  Mach  number  5  nozzle.  This  tunnel  is  a  blow¬ 
down-type  tunnel  utilizing  high-pressure  air  as  the  working  medium. 

A  line  diagram  of  the  Hypersonic  Tunnel  is  shown  in  Figure  9.  A  more 
detailed  description  of  the  tunnel  and  its  performance  capability  may 
be  found  in  reference  (1). 


The  tunnel  Reynolds  numbers  were  varied  from  1.25  x  10^  to  23.8  x  10^  per 
foot.  The  test  matrix  with  computed  Reynolds  numbers  is  given  in  Table  1.  For 
most  runs  the  model  was  oriented  with  the  minor  axis  in  the  pitch  plane.  This 
was  referred  to  as  the  'wing'  orientation  with  zero  roll  angle  (PSI  =  0).  For 
runs  #46  and  #60  the  model  was  rolled  90  degrees  with  the  thermocouple  instru¬ 
mentation  located  on  the  windward  side  when  pitched  to  angle  of  attack.  For  run 
#59  the  model  was  rolled  180  degrees  to  provide  leeward  heat-transfer  data.  Data 
was  recorded  at  0,  10,  and  25  degrees  angle  of  attack.* 

The  enthalpy  ratio  (Hw/Hs)  is  assumed  to  be  equal  to  the  initial  wall  tem¬ 
perature  (TWl-)  divided  by  the  stagnation  temperature  (T0) 


H.  ,/H.  =  Tu  .  /T, 


(1) 


where 


To/Tw-j  ~  °R 

The  initial  wall  temperature  is  the  average  temperature  of  all  the  thermocouples 
just  prior  to  model  injection  for  that  particular  run.  The  supply  conditions 
(T0,  P0)  are  averaged  values  over  the  data  interval.  The  data  interval  is  0.8 
seconds  except  for  runs  #49,  50,  and  51.  For  these  three  runs  heat-transfer  and 
pressure  data  were  recorded  simultaneously,  where  the  data  interval 
for  the  heat  transfer  data  is  2.0  seconds  and  6.7  seconds  for  the 
pressure  data. 


For  the  'cold-wall1  enthalpy  runs  (Hw/Hs  =  .3)  the  models  were  precooled 
to  a  temperature  as  low  as  -150°  F  before  injection  into  the  test  cell.  The 
models  were  precooled  using  nitrogen  and  air.  Liquid  nitrogen  was  first 
evaporated  and  preheated  to  about  -150°F.  Dry  air  was  then  passed  through  a 
heat  exchanger  where  it  was  cooled  to  approximately  -10Q°F.  The  gaseous  nitrogen 
was  directed  over  the  model  from  an  inner  annular  jet  of  four  inches  in  diameter. 
The  precooled  air  fed  into  the  periphery  of  the  annular  jet  to  provide  additional 
cooling  and  to  shield  the  model  surface  from  any  moisture  in  the  tunnel  test  cell. 
Additionally,  nitrogen  was  fed  into  the  cooling  box  manifold  to  cool  the  sting. 

A  schematic  of  the  precooling  setup  is  given  in  Figure  10. 


1.  Baltakis,  F.  P.,  "NSWC  Hypersonic  Tunnel  User's  Manual,"  NSWC/W0L  MP  76-10, 
Jun  1976. 

*For  run  #48,  maximum  angle  of  attack  is  8.5  degrees  because  pitch  mechanism 
froze  due  to  long  exposure  to  the  cooling  box. 
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TABLE  1  AVCO  MTSCT  TEST  MATRIX  (CONTD) 
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TABLE  1  AVCO  MTSCT  TEST  MATRIX  (CONT'D) 
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TABLE  1  AVCO  MTSCT  TEST  MATRIX  (CONT*D) 


FIGURE  10  MODEL  PRECOOLING  SETUP  FOR  AVCO  MTSCT  T8  TEST 


NSWC  MP  81-259 


OATA  ACQUISITION  AND  REDUCTION 


Tunnel  supply  conditions  and  thermocouple/pressure  transducer  outputs  are 
recorded  on  a  16-channel  analog-to-digital  recorder  (DARE  V).  By  multiplexing 
the  16  amplifiers,  DARE  V  is  capable  of  recording  128  inputs.  For  runs  49,  50, 
and  51  data  sampling  rate  was  ten  samples  per  second.  The  low  sampling  rate 
was  necessary  to  allow  for  the  longer  time  required  for  the  pressure  measurements. 
For  all  other  runs  the  input  sampling  rate  was  25  samples  per  second. 

m 

Aerodynamic  heating  rates  (Q)  and  heat-transfer  coefficients  (H)  were  computed 
from  the  standard  heat  balance  equation  assuming  a  thin-wall  model  transient 
technique  with  no  lateral  conduction.  The  heat  balance  equation  is: 


5  =  p  c  6  ^  (2) 

where 

p 

Q  =  heating  rate  (BTU/ ft  — sec) 

p  =  density  of  the  model  material  (lb/ft^) 

c  =  heat  capacity  of  the  model  (BTU/lb-°F) 

6  =  measured  model  wall  thickness  at  TC  location  (inches) 

Tw  =  measured  wall  temperature  (°F> 
t  =  time  (sec) 

For  model  6-4,  equation  (2)  is  modified  to  account  for  the  nonhomogenity.  The 
equation  is  now  written  as: 


where 


dT 

Q  =  p"TT  —■ 


(3) 

r 


p  c  5  =  (pc  6)...  .  .  +  (p  c  <5)c . ,  .  +(pc6)„ 

Nickel  v  Silver  Alloy  K  Copper 


(4) 


The  values  for  (pc6)g.^ver  . and  (pc6)_  were  obtaineci  b7  weighing  the 

silver  alloy  and  copperparti cles  applied  toPtne  model  and  then  computing  an 
average  thickness  of  the  material.  Average  thickness  values  are  <5$iLver  =  *0004 
inches  and  <$copper  =  -0052  inches.  An  average  model  wall  thickness  of  6NiCkel  = 
0.057  inches  was  used  in  the  data  reduction  program.  Material  properties  are 
dependent  upon  the  temperature  and  are  summarized  in  Table  2. 
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TABLE  2  MATERIAL  PROPERTIES 


Temp. 

(OR) 

Density 

(Ib/ft^) 

Specific 

Heat  (BTU/lb- 

-°F) 

Ni 

Cu 

Ag 

Ni 

Cu 

Ag 

500 

555 

560 

655 

.098 

.092 

.0560 

750 

il 

It 

II 

.122 

.096 

.0570 

1000 

tl 

II 

II 

.133 

.099 

.0585 

1160 

II 

II 

ll 

.146 

.101 

.0600 

1250 

II 

It 

tl 

.130 

.103 

.0605 

The  temperature-time  derivative  values  (dTw/dt)  were  determined  by  curve¬ 
fitting  the  recorded  temperature-time  data.  A  second  order  polynomial  curve 
fit  using  twenty  data  points  was  used  to  compute  the  temperature-time  slope. 

A  critical  parameter  in  determining  the  heat-up  rate  was  the  initial  transient 
or  start-up  time.  It  was  necessary  to  choose  a  starting  time  (T-p  for  the  twenty- 
point  curve  fit  as  close  as  possible  to  the  time  when  the  model  first  became 
fully  exposed  to  the  flow.  The  starting  time  for  a  particular  run  was  determined 
by  examining  the  temperature-time  plots  and  digital  data  and  then  selecting  the 
time  when  the  thermocouple  response  became  free  of  the  model  injection  transients. 
Typically,  the  injection  transients  were  between  0.1  and  0.25  seconds. 

The  heating  rate  (Q)  is  the  initial  value  based  on  the  dTw/dt  value  at  the 
start  of  the  fitted  data.  The  heat-transfer  coefficient  (H)  is  obtained  by 
dividing  the  initial  heating  rate  by  the  temperature  differential  (TQ-TW.)  or 


H  =  Q/(T0  -  Tw.)  (5) 

H  =  heat-transfer  coefficient  (BTU/f t 2-sec-°F) 

T0  =  adiabatic  wall  temperature  (i.e.,  tunnel  stagnation  temperature, 
OF) 

T  =  average  initial  wall  temperature  (°F). 
wi 


The  Stanton  number  (St)  is  a  nondimensiona l  number  obtained  by  dividing  the 
initial  heat-transfer  coefficient  by  the  freestream  values  of  C  ,  £<»,  and  Uoo, 

Poo 


St 


H 


CPU 
Poo  00  “ 


(6) 


where 

C  =  specific  heat  of  air  (0.24  BTU/lb-°F) 

”oO 

poo  =  freestream  density  (Lb/ft  ) 

Uoo  -  freestream  velocity  (ft/sec) 
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The  specific  heat  of  air  was  assumed  to  be  0.24  BTU/lb-°F,  and  the  density  and 
velocity  values  were  computed  from  the  tunnel  air  supply  pressure  and  temperature 
values  averaged  over  the  curve-fitting  period  (typically  0.8  seconds). 


Pressure  data  for  runs  49,  50,  and  51  consisted  of  the  measured  surface 
pressure  normalized  by  the  freestream  static  pressure  ( P/P ;  surface  pressure 


dimensional  pressure  coefficient  (CP).  The  pressure  coefficient  was  defined  as: 


CP 


cU 
00  00 


(7) 


where 

P  =  measured  surface  pressure  (Ib/ftS 

Poo  =  freestream  density  (lb/ft3) 

U  =  freestream  velocity  (ft/sec). 

CO  ' 


The  response  time  of  the  twelve  feet  of  tubing  was  of  concern.  To  reduce  the 
response  time  the  transducer  bank  was  ’opened’  before  model  injection.  This 
produced  almost  a  step  pressure  input  to  the  flow.  The  pressure  data  was  then 
averaged  over  a  6.7-second  time  interval. 


The  tunnel  Reynolds  number  was  calculated  from  the  familiar  expression: 


where 


RE 


p  li 

OO  00 

p“ 


(8) 


RE  =  Reynolds  number  (  /ft) 
p  =  coefficient  of  viscosity  (lb-sec/ft2) 

The  coefficient  of  viscosity  (p)  was  calculated  from  Sutherland's  formula  where 


3/2 


,-8 


p  =  2.27  *  10  *  ,  198>6 


(9) 


where 

p  =  coef.  of  viscosity  (lb-sec/ft2) 

Too  -  freestream  static  temperature  (°R) 

Finally,  an  expression  that  computes  the  required  tunnel  supply  pressure  in 
terms  of  the  Reynolds  number  and  tunnel  supply  temperature  for  the  Mach  number  5 
nozzle  is  given  by: 

RE  *  T  “■ 

p0  = - y—2 - -  CIO) 

1.02736  x  10f  (T0  +  1.1922  x  103) 
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where 

P0  =  supply  pressure  (psi) 

T0  =  supply  temperature  ( °R ) 

RE  =  desired  tunnel  Reynolds  number  (per  foot) 


The  freestream  Mach  numbers  used  in  the  computations  were  obtained  from  pitot 
probe  surveys.  The  pitot  rake  surveys  were  taken  at  an  axial  distance  of  5.5 
inches  from  the  nozzle  exit  plane.  The  pitot  probe  orientation  and  Mach  number 
profiles  at  various  Reynolds  numbers  are  given  in  Figure  11.  The  criteria  for 
the  Mach  number  determination  is  summarized  in  Table  3.  The  Mach  number  values 
are  based  on  the  average  of  probes  2  through  5. 

TABLE  3  MACH  NUMBER  CRITERIA 
Re  x  10^/ft  Mach  Number 


>10 

6  <  Re  <  10 


5.02 

5.01 


~5  5.00 

<4  4.99 


The  NSWC  'Quick-Look'  System  provided  reduced  thermocouple  data  immediately 
following  a  run.  Sixteen  pre-selected  thermocouple  inputs  were  recorded  and 
reduced  on  a  4052  Tektronix  computer.  Temperature-time  and  heating  rate  (Q)  plots 
were  available  to  determine  the  desired  Reynolds  number  for  the  next  run. 

SURFACE  ROUGHNESS  CHARACTERIZATION 


Standard  grit  blasting  techniques  were  used  by  NSWC  to  produce  the  small 
roughness  on  models  G-2  and  G-3.  One-inch-diameter  nickel  samples  were  roughened 
along  with  the  models.  Photomicrograph  measurements  were  then  made  on  the  samples 
to  determine  the  surface  roughness  on  models  G-2  and  G-3.  In  the  photomi crograph 
method  of  surface  roughness  characterization  the  roughened  specimen  is  sectioned, 
mounted  in  a  room  temperature  setting  resin  for  maximum  edge  retention,  and  then 
polished  on  its  sectioned  face  to  highlight  the  surface  roughness  elements.  Then 
the  sample  was  photomi crographed  at  either  50  or  100  magnification. 

The  approach  taken  in  determining  the  surface  roughness  was  based  on  roughness 
element  height  results.  Polaroid  photomicrographs  of  the  sample  were  connected 
in  a  continuous  strip.  An  'arbitrary'  straight  line  was  drawn  on  the  strip  of 
polaroids  and  was  defined  as  the  reference  surface  (y0).  Using  a  seven-power 
calibrated  eye  piece,  measurements  from  y0  to  the  sample  surface  were  made  at 
specified  intervals.  A  probability  of  exceedence  vs.  y-y0  curve  was  generated 
and  a  best  fit  straight  line  calculated  from  the  data  between  0.1  and  0.9 
probability.  By  definition  the  'optically  apparent  surface'  (h0)  was  the  value 
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of  (y-y0)  when  the  probability  of  exceedence  curve-fit  equals  one.  Figure  12a 
illustrates  the  approach  taken  in  defining  the  optically  apparent  reference 
surface  (h0)  based  on  a  tangent  slope  determination  from  the  photomicrograph 
data.  The  hQ  value  is  an  adjustment  to  the  original  reference  line  (y0)  and 
will  move  the  reference  line  up  (+hQ)  on  down  (-h0).  The  'significant  peaks' 
were  measured  from  the  hQ  line.  A  probability  of  exceedence  vs.  (h-h0)  was 
generated  for  the  roughness  elements.  It  was  now  assumed  that  the  'larger' 
roughness  elements  are  primarily  responsible  for  triggering  transition.  There¬ 
fore,  the  30  percent  exceedence  height  (h^g)  was  chosen  as  the  roughness  value 
for  the  sample.  See  Figure  12b  for  an  example.  Since  the  plane  of  measurement 
does  not  pass  through  the  peak  of  each  roughness  element,  the  hjg  value  is 
multiplied  by  a  shape  factor  of  4/tt  (hemispherical  shaped  elements)  to  arrive 
at  the  K3Q  value. 

For  the  10-mil  model  (G-4)  copper  particles  were  brazed  to  the  model  surface 
in  a  vacuum  furnace. 

Prior  to  grit  blasting  the  models,  NSWC  generated  calibration  curves  for  the 
grit  blasting  apparatus.*  Nominal  roughness  values  of  K3Q  =  3.0  mil  and  1.5  mil 
were  desired  for  models  G-2  and  G-3  respectively.  Calibration  curves  and 
statistical  data  are  included  in  the  Appendix. 

Both  model  and  sample  were  grit  blasted  for  a  period  of  time  to  produce  uni¬ 
form  and  complete  coverage  as  determined  by  visual  inspection.  Typical  grit  blast¬ 
ing  time  was  2-3  minutes  per  square  inch  of  surface  area.  Model  G-2  and  its  sam¬ 
ple  were  grit  blasted  with  #12  chilled  iron  grit  at  30  psi.  The  resulting  sur¬ 
face  roughness  was  <3g  =  3.26  mils.  The  calibration  curve  for  the  G-3  model  re¬ 
quired  an  extrapolation  to  determine  the  lower  pressure  setting.  A  linear  extra¬ 
polation  was  assumed  and  resulted  in  a  pressure  setting  lower  than  what  was  re¬ 
quired  to  produce  the  1.5-mil  roughness.  Model  G-3  and  its  sample  were  grit 
blasted  at  22  psi  with  #25  Norton  Alundum  grit  producing  a  K3Q  value  of  1.29 
mils.  Traces  of  portions  of  the  photomicrographs  are  given  in  Figure  13. 

DATA  FORMAT 


The  data  generated  for  this  wind  tunnel  test  series  included  the  following: 

(1)  'Quick-Look'  temperature-time  plots  and  heating  rates  for  16  pre-selected 
thermocouples  for  each  run. 

(2)  Digital  time  record  of  model  wall  temperatures. 

(3)  Temperature-time  plots. 

(4)  Heat-transfer  parameter  values  (Q,  H,  St)  in  tabulated  form. 

(5)  Plotted  heat-transfer  data  along  a  given  ray. 

(6)  Tabulated  pressure  data  (P/Poo,  P/Pt^,  CP). 

^Montgomery  Ward  Sand  Blast  Gun  -  Model  XER-6351  modified  with  a  3/8-inch  I.D. 
nozz  le. 
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(7)  Plotted  pressure  data  along  a  given  ray. 

(8)  Shadowgraph  negatives  and  enlarged  prints. 

(9)  Photomicrographs  and  surface  roughness  analysis. 

Samples  of  the  plotted  and  tabulated  data  are  included  in  the  report  for 
purposes  of  clarification  of  the  format  and  notation  used.  Figures  14  through  23 
are  representative  of  the  plotted  data,  and  Tables  4  through  7  are  samples  of  the 
tabulated  data  that  was  transmitted  to  AVCO. 

'Quick-Look'  heat-transfer  plots  were  available  approximately  five  minutes 
following  a  run.  From  the  16  temperature-t ime  plots  the  initial  time  to  be  used 
for  the  'Quick-Look'  heating  rate  plots  were  chosen.  Heat-transfer  rate  pints 
consisted  of  Qdot  versus  distance  along  the  'A'  ray  from  AO  for  11  thermocouples. 
The  remaining  five  'Quick-Look'  thermocouples  were  located  on  the  major  axis. 
Samples  of  'Quick-Look'  plots  are  given  in  Figures  14  through  17. 

The  reduced  data  temperature-time  plots  were  presented  in  groups  of  either 
three,  four,  or  five  thermocouples  per  plot.  The  thermocouple  outputs  are  off¬ 
set  vertically  by  50°F.  A  representative  temperature-time  plot  is  given  in 
Figure  18. 

The  tabulated  heat-transfer  data  was  in  the  standard  computer  printout  format 
and  is  ’ l lustrated  in  Table  4.  The  values  are  listed  versus  thermocouple  number 
(sec  Eigure  5  for  numbering  scheme).  A  summary  page  listing  average  initial  model 
wall  temperature  and  tunnel  supply  conditions  is  shown  in  Table  5. 

The  initial  heating  rate  (Q)  and  convective  heat-transfer  coefficient  (H) 
plotted  versus  the  distance  (S)  from  the  'zero'  thermocouple  for  a  given  ray 
are  illustrated  in  Figures  19  and  20  respectively.  Note  that  an  individual 
plot  is  for  thermocouple  data  along  either  the  windard  (W>  or  leeward  (L)  ray. 

Tabulated  pressure  data  are  shown  in  Tables  6  and  7.  Pressure  measurements 
were  taken  only  on  runs  49,  50,  and  51.  Plotted  pressure  data  for  rays  J  and 
ray  N  on  run  #51  is  given  in  Figures  21,  22,  and  23. 

Photographic  data  consists  of  70-mm  shadowgraphs  using  approximately  0.02- 
second  exposure.  The  photographs  were  taken  when  the  model  was  in  the  fully 
inserted  position  (i.e.,  at  the  center  of  the  test  jet).  Exposure  sensitivity 
was  changed  from  model  to  model.  For  the  smooth  wall  and  1.29-mil  roughness 
models  the  shock  shapes  were  of  primary  concern.  For  the  3.26-  and  10-mil  models, 
the  sensitivity  was  increased  to  enhance  the  disturbances  due  to  the  roughness 
elements.  Samples  of  enlarged  shadowgraphs  are  shown  in  Figures  24  and  25. 
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CP 

Delta,  <S 
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h30 
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Hw 

ITIME,  ti 
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mi  Is 
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Pp 

Phi,  f 


NOMENCLATURE 

Angle  of  attack  (degrees) 

Heat  capacity  (BTU/lb-°F) 

Heat  capacity  of  air  (.24  BTU/lb-°F) 

Pressure  coefficient 

Model  wall  thickness  (inches) 

Ratio  of  minor  to  major  axis 

Roughness  element  height  measured  from  h0  (mm) 

Optically  apparent  reference  surface  (mm) 

30%  probability  of  exceedence  height  (mils) 

Heat-transfer  coefficient  (BTU/ft^-sec-°F) 

Tunnel  stagnation  enthalpy 

Initial  model  wall  enthalpy 

Time  at  which  data  curve  fit  begins  (seconds) 

Initial  model  wall  temperature  (°F) 

Surface  roughness  value  (mils) 

Freestream  Mach  number 
Mi llimeter 

One-thousandths  of  an  inch 
Measured  surface  pressure  (lb/ft^) 

Tunnel  supply  pressure  (psia) 

Meridian  ray  angle  (degrees) 
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NOMENCLATURE  (Con't) 


Freestream  static  pressure  (psia) 

Model  roll  orientation  (degrees) 

Total  pressure  behind  normal  shock  (psia) 
Heat-transfer  rate  (BTU/ft^-sec) 

Reynolds  number  (per  foot) 

TC  or  tap  location  measured  from  intersection  of 
major  axis  and  model  surface  (inches) 

Stanton  number 

Time  (seconds) 

Freestream  static  temperature  (°F) 

Tunnel  supply  temperature  (°F,  °R) 

Measured  wall  temperature  (°F) 

Initial  wall  temperature  (°R) 

Thermocouple 

Freestream  velocity  (ft/sec) 

Distance  from  yQ  to  roughness  sample  surface  (mm) 
Arbitrary  straight  line  on  photomicrograph 
Coefficient  of  viscosity  (lb-sec/ft^) 

Density  of  model  material  (lb/ft^) 

Freestream  density  (lb/ft^) 


Roughness  (mils) 


APPENDIX  A 


SURFACE  ROUGHNESS  CHARACTERIZATION 


A.  Calibration  Curves  —  NSWC  Sand  Blast  Apparatus 
Material  —  Nickel  200 


Sample 

G-2 

G-3 


Pressure 
Setting  (psi) 


K30(mils> 


h(mi Is) 


30  3.26  2.81 

22  1.29  1.07 


K30  =  h30  x  1  x  - 

M  IT 

where  M  =  magnification 
A/tt=  shape  factor 

h  "  (h_ho)avg  =  1  2  (h-h  )  x  4 
n  1  0  v 

t-  n>™  fi5  (h.-C)2]1'2 


h(mi Is) 


3.18 

1.17 
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IT 


where  n  =  number  of  data  points 
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B.  PHOTOMICROGRAPHY  DATA  G' 


2  SAMPLE 


A-2 


r 

NSWC  MP  81-259 


APPENDIX  A  (CON'D) 

C.  PHOTOMICROGRAPHY  DATA  G' 
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